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T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy that affects both children and adults. Optimization of chemotherapy regimens over the last five decades has led to steady improvements in outcome for pediatric patients, who have a long-term survival rate of 80%. For adults, however, the five-year survival rate is only 35-40% and both pediatric and adult patients who suffer relapse have uniformly poor outcomes. 1 Further, improvements in outcome will thus require introduction of new approaches and more specific, targeted therapies.
Testing of new therapeutic agents, has been restricted in part by the lack of a simple and efficient method for studying patient cells ex vivo. Most preclinical studies to date have relied on a relatively small number of permanent cell lines. Many of these lines were established from malignant effusions in patients with advanced-stage disease and have been maintained in culture for long periods, raising concerns about how well they reflect the biology of typical disease in patients. Studies involving primary T-ALLs, xenografted in immunodeficient mice are generally perceived to be better models of human disease, but are costly and time-consuming.
A relatively cheap and flexible alternative is study of primary cells in short-term ex vivo culture systems that are permissive for growth. Several groups have developed methods for in vitro culture of patient T-ALL samples, including culture in suspension, on stromal feeders and under reduced oxygen conditions. [2] [3] [4] On the basis of the importance of NOTCH1 signaling in T-ALL, 5 the Pflumio group has engineered MS5 bone marrow stromal feeders to express the Notch ligand DL1 and demonstrated that these MS5-DL1 feeders support growth of primary human T-ALL cells in vitro. 2 We have successfully employed the MS5-DL1 feeder system in our own labs, 6, 7 but these cultures are limited by relatively modest cell growth and dependence on inclusion of both fetal bovine serum and human AB serum 2 which are subject to significant lot-to-lot variability.
We previously reported a chemically defined, serum-free medium (WIT) that supports robust in vitro growth of normal and transformed human mammary epithelial cells in primary culture for extended periods. 8 This medium provides all the essential nutrients for maintaining basic cellular metabolism without undefined supplements such as serum, pituitary extract, conditioned medium or drugs. As a result, normal human breast epithelial cells have proliferated in WIT medium over 70 population doublings, or nearly 10
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-fold expansion of cell numbers. We devised a modification of WIT medium by supplementing it with recombinant Stem Cell Factor (SCF) (50 ng/ml), interleukin (IL)-2 (10 ng/ml), IL-7 (10 ng/ml) and insulin-like growth factor (IGF)-1 (10 ng/ml), referred to as WIT-L, and evaluated its ability to expand primary human T-lymphoblasts on MS5-DL1 feeders compared directly with fetal bovine and human serum-containing medium (SCM), which included supplemental SCF (50 ng/ml), Flt3L (20 ng/ml), IL-7 (10 ng/ml) and insulin (116 ng/ml) (Supplementary Table 1 ). T-ALL samples obtained directly from patient biopsy material (Supplementary Table 2 (NSG) mice 6 and then tested for growth in SCM vs WIT-L. Again, cells cultured in WIT-L grew significantly better than those cultured in SCM (Supplementary Figure 2) . Xenograft-expanded cells were also cultured in WIT-L medium and manually counted at passage (every 4-6 days) for up to 6 weeks. WIT-L cultures typically exhibited logarithmic growth and attained maximal expansions of 40-to 100-fold when cultured at high-density, and 4000-to 10 000-fold when cultured at low-density (Supplementary Figure 3) . Importantly, T-cell receptor g heteroduplex analysis confirmed expansion of the original clone throughout the culture period ( Figure 1c ) and flow cytometric analysis confirmed cultures to be composed entirely of immature T-lineage human cells (data not shown). Of note, high-density cultures all began to regress after B30 days, suggesting long-term renewing cells are not supported under these conditions. Low-density cultures did not show obvious regression; however, most were typically not carried beyond 30-50 days and thus are not particularly informative on this point. Further, it is clear that while some patient samples expand very well in culture (for example, H3255), others do not grow at all in either WIT-L or SCM media (n ¼ 3, data not shown). Whether failure to grow in vitro is purely technical (for example, pertaining to the quality of the sample) or reflects an inherent difference in growth requirements for a subset of T-ALLs remains to be determined. Also, although our data show that 9 of 9 samples cultured under both sets of conditions grew better in WIT-L than SCM, we did not observe any that grew well in WIT-L, yet completely failed to expand in SCM.
To define growth factor/cytokine requirements in the WIT-L/ MS5-DL1 culture system, individual supplements were 'left out' of WIT-L one at a time. Consistent with other reports, 9 supplemental IL-7 proved to be the most important factor (Figures 2a and b) . We also noted that IL-2 improved the growth of one tumor (M18-1-5), whereas IGF-1 was dispensable in all cases tested. As we recently reported that signaling through IGF1R is important for T-ALL cell growth and leukemia-initiating activity, 7 we explored the issue of IGF-dependence further. Interestingly, CP-751,871, an IGF1R blocking antibody in clinical trials (Figitumumab, Pfizer), 10 significantly impaired cell growth (Figure 2c ), suggesting that signaling through IGF1R does indeed transduce important growth signals in this model. This apparent paradox is likely explained by the inclusion of high concentrations of insulin (20 mg/ml or 3.44 mM) in the basal WIT-L medium; the Kd of insulin for IGF1R is 200-400 nM, 11, 12 making it likely that insulin is stimulating IGF1R in lymphoblasts under these conditions. Of note, CP-751,871 is specific for human IGF1R and thus, indirect effects on the mouse MS5-DL1 feeders are unlikely.
MS5 cells have been reported to secrete a variety of growth factors, including GM-CSF, IL-6, SCF, hepatocyte growth factor and an IL-3-like activity, as well as extracellular matrix proteins, including fibronectin, laminin and type I collagen. 13 We attempted to replace the MS5-DL1 feeders with immobilized, recombinant DL1 ligand, 14 but cells cultured in WIT-L medium or in MS5-DL1-conditioned WIT-L medium failed to grow under these conditions (data not shown), demonstrating that physical Accepted article preview online 21 November 2012; advance online publication, 14 December 2012 interaction with MS5 feeders and/or a secreted matrix protein provides critical signals for T-ALL cell growth.
In summary, the MS5-DL1/WIT-L culture system, supports robust growth of primary T-lymphoblasts in vitro for at least 3-4 weeks, achieving net clonal expansion of up to 100-to 10 000-fold, and thus can facilitate functional and pharmacologic studies that previously could only be performed using established T-ALL cell lines. The Pflumio group has reported up to 30% lentiviral transduction using their optimized protocol 15 and we have achieved up to 20% transduction in our own hands, suggesting that gene transfer/knock-down studies are possible using this system. This system has been used successfully in the laboratories Cultures were passaged every 4-6 days by reseeding at the initial density onto fresh feeders. Carry-over of feeders between passages was minimized by filtering manually disaggregated cell suspensions through 48 mm nylon mesh. Viable cell yields were counted at each passage (Vi-Cell, Coulter, Brea, CA, USA). (c) TCRg clonality assay by heteroduplex analysis. Genomic DNA from patient T-ALL samples cultured in WIT-L medium on MS5-DL1 feeders was PCR amplified using consensus TCRg primers. Resulting PCR products were heated at 94 1C for 5 min, transferred to ice for 1 h, then run on a 12% nondenaturing polyacrylamide gel and visualized by ethidium bromide staining. Positive control is a biopsy-proven T-cell non-Hodgkin lymphoma; negative control is a reactive lymph node.
of two members of our groups (Aster and Weng), suggesting that this completely defined system will prove to be easily adopted by other groups in the field. We anticipate that further optimization of the medium formulation will yield additional gains in performance from primary cultures and eventually allow routine establishment of permanent cell lines. Among the possible applications are personalized therapy initiatives, in which patient leukemia cells are cultured in vitro immediately after biopsy and prospectively screened against panels of therapeutic agents.
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